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ABSTRACT: A Thin Spray-on Liner (TSL) is defined as a chemically based layer or coating (3-5 mm)
that is sprayed onto the rock surface to support mining excavations (Saydam and Docrat, 2007). Since
the introduction, TSLs have received success in some applications in hard rock mines; however, their
use has been slow in coal mining. The adhesion strength between a TSL and a rock surface is an
important parameter controlling the design and performance of liner support systems. The in situ
adhesion tests have been conducted to study the bonding between a TSL material and the coal
substrate in an underground coal mine in NSW. A direct pull-off adhesion tester was adopted to conduct
adhesion tests on the ribs of the roadway. In this paper, the in situ adhesion test results on coal
substrate are analysed and presented.
INTRODUCTION
A Thin Spray-on Liner (TSL) is defined as a thin chemically based coating or layer that is applied onto
mining excavations with a thickness of 3 to 5 mm (Saydam and Docrat, 2007). The adhesion strength
between a liner and rock is one of the most important parameters in terms of support resisting capacity
(Li et al., 2014). When liners are used for area support, there is an intimate contact between the liner
and rock surface. Where adequate adhesion bonds exists, TSLs can carry or transfer the load created
by gravity falls or loose rock onto stable or unfractured rock surface (Archibald, 2001).
The adhesion strength of a TSL can be defined as its ability to adhere to a particular surface (Swan and
Henderson, 2001). Over the years, many adhesion test procedures have been proposed by researchers
to assess the adhesion strength of TSLs. These adhesion test procedures can be divided into core
adhesion test, embedded dolly test and glued dolly test. The glued dolly test method is the most widely
used procedure by researchers due to its ease of application and accuracy of results (Mercer, 1992;
Espley-Boudreau, 1999; Tannant et al., 1999; Archibald, 2001; Spearing, 2001; Kuijpers et al., 2004;
Saydam and Docrat, 2007; Li et al., 2014).
Kuijpers (2004) reported that two types of bond strength have to be considered: tensile and shear, as
shown in Figure 1. Tensile bond strength is a measure of the ability of TSL to remain in contact with the
rock when a tensile stress is applied normal to the rock-TSL interface. Shear bond strength is concerned
with the ability to resist stresses that act parallel to the rock-TSL interface. In practice, there is usually
some combination of these stresses acting on the interface (Saydam and Docrat, 2007).
TSL
Rock

Rock

Rock

TSL
(a) Tension

(b) Shear

Figure 1: De-bonding mechanisms of TSLs (modified from Kuijpers et al., 2004)
The use of TSL as a gas management tool in underground coal mines is currently being investigated by
the School of Mining Engineering, UNSW Australia at an underground coal mine in NSW, Australia. A
polymer based TSL was applied to the ribs of the coal mine. As part of the investigation, in situ adhesion
tests were conducted to study the bonding between TSL and coal substrate. The test method adopted
School of Mining Engineering, UNSW Australia, Sydney, NSW 2052, Australia, E-mail: zecheng.li@student.unsw.edu.au, Tel: 02
9385 6118
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was a direct pull adhesion test which
h was adapte
ed from AST
TM D4541 standard. Duee to the agree
ements
with the min
ne and the TSL
T
manufac
cturer, the miine name an
nd the produc
ct name will not be disclo
osed in
this paper.
In this pape
er, the in-situ adhesion test results on coal substra
ate are analy
ysed and preesented.
TEST
T PREPARA
ATION AND EXECUTION
E
N
Test area d
description
A polymer b
based TSL was
w sprayed onto the ribss of the roadw
way. Figure 2 shows the adhesion test area
before and after the TS
SL application
n. Due to the
e excavation
n disturbance
e and the strress concentration,
the coal in tthe top part is more fracttured, while the coal in th
he bottom pa
art is relativeely intact. Ad
dhesion
strength tessts were conducted on both these re gions to eva
aluate the inffluence of suubstrate integ
grity on
the adhesio
on strength re
esults.

L applicatio
e 2: In situ adhesion
a
tes
st area (a) b
before TSL application,
a
(b) after TSL
on
Figure
Test apparratus and prrocedure
The PAT G
GM01-Elcometer testing apparatus w
was used in this test. The
T
test appparatus work
ks on a
distributed fforce pull offf system, which can appl y a maximum
m force of 6..3 kN. The ssteel test dolllies are
28.2 mm in
n diameter which
w
is the standard sizze supplied with the equ
uipment. Thee range of the test
pressure is 0-10 MPa fo
or the size of the dollies u
used.
ued to the su
urface with a
araldite epox
xy. The test area
a
was oveer-cored by using
u
a
The test dollies were glu
coring bit to
o make sure the pull forc
ce will only b
be applied on
n the test do
olly area. Theen a pull forc
ce was
applied normal to the coal surface until
u
de-bond
ding occurre
ed. The liner was allowedd to cure for 1 day,
days, 21 dayss and 42 day
ys before tessting. At leastt 5 tests were
e conducted for each con
ndition.
7days, 14 d
Figure 3 sho
ows an in-sittu test execu
ution on the rrib of the road
dway.

Figure 3: In
n situ adhes
sion strengtth test (a) ov
vercoring, (b
b) dolly und
der test
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TEST RESULTS AND ANALYSIS
Adhesion strength test results
In total, 58 adhesion strength tests were conducted at the mine on both intact and fractured coal areas.
Table 1 provides the average adhesion test results and image processing results with different curing
times of 1 day, 7 days, 14 days, 21 days and 42 days.
Table 1: Adhesion strength test results
Test area

Intact coal
area

Fractured
coal area

Curing
time
days
1
7
14
21
42
1
7
14
21
42

Adhesion
strength
MPa
0.23
0.59
0.91
0.91
0.95
0.12
0.53
0.52
0.57
0.58

Standard
deviation
MPa
0.03
0.05
0.23
0.13
0.17
0.03
0.10
0.21
0.26
0.25

Percentage of coal
on failure surface
%
47.41
75.63
81.00
84.32
87.61
43.20
84.33
83.38
85.18
84.86

Standard deviation
%
18.26
12.19
7.17
4.18
1.97
20.03
7.47
8.72
4.03
4.55

Effect of curing time
As curing time increases, the adhesion strength increases and then stops for both intact coal and
fractured coal, as shown in Figure 4. For intact coal, the adhesion strength increases from 0.23 MPa to
0.59 MPa from 1 day to 7 days, and then reaches the final value at 14 days. After 14 days, the adhesion
strength is almost the same. While for fractured coal, the adhesion strength reaches the final value at 7
days, and there is no significant change to the adhesion strength after 7 days.
For each curing time, the adhesion strength for intact coal is much higher than that on fractured coal,
with final adhesion strength of about 0.9 MPa, and 0.55 MPa for intact coal and fractured coal
respectively, as shown in Figure 4. The results revealed that the integrity of the substrate has a great
influence on the adhesion strength.
It is also interesting to compare the standard deviation of adhesion strength for both intact coal and
fractured coal. As shown in Figure 5, the standard deviation for fractured coal is much higher than that
for intact coal. For 21 days testing, the standard deviation of adhesion strength result on fractured coal
almost doubled compared that on intact coal. It can be concluded that the adhesion strength results on
fractured coal varies considerably compared to those on intact coal. This may be due to variability of the
friability of the coal at each dolly site.
Intact coal

Fractured coal

Adhesion Strengh (MPa)

1.00
0.80
0.60
0.40
0.20
0.00
1 day

7 days

14 days

21 days

42 days

Figure 4: Adhesion strength with different curing time
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Intact coaal

Fracctured coal

Standard deviation of adhesion strength (MPa)

0..30

0..25

0..20

0..15

0..10

0..05

0..00
day
1d

7 days

14 days

21 days
d

42 days

F
Figure 5: Sttandard deviation of adh
hesion stren
ngth with diifferent curin
ng time
Failure mode analysis
Failure of th
he adhesion test can occ
cur in severa
al ways. Thes
se include fa
ailure betweeen the liner and
a the
host rock (w
which is coa
al in this ca
ase), internall failure of the host rock, de-bondinng of the ad
dhesive
material bettween eitherr the liner or the steel do llies (Saydam
m and Docra
at, 2007; Gilbbert et al., 20
010). A
new method
dology was adopted
a
for analysing
a
the
e failure mod
de of the adh
hesion test. T
This involved
d using
an image processing so
oftware to ca
alculate the p
percentage of
o coal and liner on the faailure surfac
ce. This
procedure is outlined in
n Figure 6. Figure 6 (a) iss the origina
al photo of the failure moode and the chosen
c
area for ana
alysing is shown in Figurre (b). Then the chosen area
a
is converted into ann 8-bit image
e which
only contain
ns black and white colourr. As shown iin Figure 6 (c
c), the black area represeent the coal and
a the
the white a
area represe
ent the liner. The proporration of coa
al and liner on the failuure surface can
c
be
obtained byy calculating the percenta
age of black a
and white arrea.

(a)

(b
b)

(c)

Figu
ure 6: Image
e software processing
p
Image proccessing results reveal tha
at the failure
e mode for both intact co
oal and fractuured coal is mainly
attributed to
o the internal failure of th
he coal substtrate besides
s 1 day testing. As show
wn in Figure 7,
7 for 1
day testing, the failure mode
m
is a com
mbination of internal failu
ure of the coa
al substrate aand the liner, with a
percentage of coal on the
t failure su
urface aboutt 47.41% and
d 43.20% for intact coal and fracture
ed coal
respectivelyy. This is due
e to the fact that the TS L material is
s still very we
eak after 1 dday curing, and
a the
material fails easily in te
ension. While
e for testing a
after 7 days of
o curing, the
e TSL materiial has developed a
relatively strong tensile strength com
mpared with the adhesio
on strength between
b
coaal substrate and
a the
liner. The p
percentage of
o coal on the
e failure surfface almost exceeds 80
0%, which inndicates an internal
failure of the coal substtrate, as sho
own in Figure
e 7. Typical view of failu
ure surface w
with differentt curing
time is show
wn in Figure 8.
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Percentage of coal on failure surface
(%)

Intaact coal

Fractured coal

100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00
0.00
1 day

7 days

14 days

21 days

42 days

Figurre 7: Percen
ntage of coa
al on failure surface with
h different ccuring time

Figure 8: Typ
pical view off failure surfface with different curin
ng time
Unlike
e the standarrd deviation for
f adhesion
n strength results, as the curing time increases, the
t standard
d
deviation of perce
entage of coal on the fa ilure surface
e tends to de
ecrease andd then reach
hes a steadyy
value, as shwon in
n Figure 9.

Standard deviation of percentage of
coal on failure surface (%)

Intaact coal

Fractured coal

45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00
1 day

7 days

14 days

21 days

42 days

Fig
gure 9: Stand
dard deviatiion of perce
entage of co
oal on failuree surface
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DISCUSSION
The adhesion test is designed to determine the bond strength existing between a liner material and the
substrate. The test results revealed that the TSL material chosen can bond firmly to the coal substrate in
situ. However, the tests were only conducted with a maximum curing time of 42 days, and TSL’s
long-term performance should be investigated in the near future.
Previous laboratory research revealed that the coal bedding plane directions have a significant influence
on the adhesion strength. Previous laboratory tests also indicated that the adhesion strength parallel to
the bedding planes was much higher than that normal to bedding planes (Gilbert et al., 2010; Li et al.,
2014). However, for the in-situ applications, the adhesion strength tests were only able to be conducted
on the ribs of the roadway, so all the tests conducted were parallel to bedding planes. For adhesion
strength normal to bedding planes, laboratory adhesion tests should be conducted as a replacement of
the in-situ tests.
The adhesion strength tests are part of the project that investigates the potential use of TSLs as a gas
management tool in underground coal mines. The adhesion strength results should also be combined
with other test results to evaluate the performance of the TSL chosen.
CONCLUSIONS
In-situ adhesion tests were conducted to investigate the bond strength properties of a polymer based
TSL on coal in an underground coal mine in NSW, Australia.
For comparison of the adhesion strength results, tests were conducted on both intact coal and fractured
coal areas. With the increase of curing time, the adhesion strength increases for both intact coal and
fractured coal, and the adhesion strength on the intact coal area is much higher than that on the
fractured coal area.
The adhesion strength results on fractured coal are much more scattered with a higher standard
deviation of adhesion strength compared with that on intact coal. The standard deviation tends to
increase with the increase of curing time.
The adhesion strength results from this research indicate that the TSL material tested could be
implemented for underground coal mining conditions. This is due to the main failure mode of the
adhesion strength test observed being the internal failure of the coal substrate.
RECOMMENDATIONS
This is a pilot research to study the potential applications of TSLs in underground coal mines. However,
in order for this technology to become a viable tool for undergrond coal mining, research emphasis
should be put on multiple field trials of TSLs under various conditions.
Apart from the use of TSLs as a complementary ground support medium, the application of TSLs could
also bring many other benefits, such as gas management and ventilation benefits. A systematically
economic model should also be built to evaluate the cost and benefits of TSLs for underground coal
mines.
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